Rose AJ, Bisiani B, Vistisen B, Kiens B, Richter EA. Skeletal muscle eEF2 and 4EBP1 phosphorylation during endurance exercise is dependent on intensity and muscle fiber type. Am J Physiol Regul Integr Comp Physiol 296: R326 -R333, 2009. First published November 26, 2008 doi:10.1152/ajpregu.90806.2008.-Protein synthesis in skeletal muscle is known to decrease during exercise, and it has been suggested that this may depend on the magnitude of the relative metabolic stress within the contracting muscle. To examine the mechanisms behind this, the effect of exercise intensity on skeletal muscle eukaryotic elongation factor 2 (eEF2) and eukaryotic initiation factor 4E binding protein 1 (4EBP1) phosphorylation, key components in the mRNA translation machinery, were examined together with AMP-activated protein kinase (AMPK) in healthy young men. Skeletal muscle eEF2 phosphorylation at Thr 56 increased during exercise but was not influenced by exercise intensity, and was lower than rest 30 min after exercise. On the other hand, 4EBP1 phosphorylation at Thr 37/46 decreased during exercise, and this decrease was greater at higher exercise intensities and was similar to rest 30 min after exercise. AMPK activity, as indexed by AMPK ␣-subunit phosphorylation at Thr 172 and phosphorylation of the AMPK substrate ACC␤ at Ser 221 , was higher with higher exercise intensities, and these indices were higher than rest after high-intensity exercise only. Using immunohistochemistry, it was shown that the increase in skeletal muscle eEF2 Thr 56 phosphorylation was restricted to type I myofibers. Taken together, these data suggest that the depression of skeletal muscle protein synthesis with endurance-type exercise may be regulated at both initiation (i.e., 4EBP1) and elongation (i.e., eEF2) steps, with eEF2 phosphorylation contributing at all exercise intensities but 4EBP1 dephosphorylation contributing to a greater extent at high vs. low exercise intensities. protein synthesis; translation; elongation; initiation; AMPK IT IS RECOGNIZED THAT THE understanding of the mechanisms controlling skeletal muscle protein turnover may aid in the development of novel therapies to combat skeletal muscle diseases (30). The control of protein turnover in skeletal muscle during exercise is poorly understood (30). It is known that skeletal muscle protein synthesis is blunted during exercise (2, 13). A recent study (24) demonstrated that contractile activity was a potent stimulus to blunt net protein synthesis rate of rat skeletal muscle ex vivo and can even override the anabolic effect of insulin. Studies by BylundFellenius et al. (7) in perfused rat hindquarters demonstrated that protein synthesis rates were lower in contracting compared with resting skeletal muscle, particularly in fast-twitch muscles. In that study (7), it was shown that the magnitude of the blunting of protein synthesis was related to the magnitude of changes in high-energy phosphogens, indicating that signaling downstream of metabolic stress is a likely mechanism behind the fall in protein synthesis in working muscle. Despite this, the signaling mechanisms responsible for the decrease in skeletal muscle protein synthesis during exercise are not well understood.
IT IS RECOGNIZED THAT THE understanding of the mechanisms controlling skeletal muscle protein turnover may aid in the development of novel therapies to combat skeletal muscle diseases (30) . The control of protein turnover in skeletal muscle during exercise is poorly understood (30) . It is known that skeletal muscle protein synthesis is blunted during exercise (2, 13) . A recent study (24) demonstrated that contractile activity was a potent stimulus to blunt net protein synthesis rate of rat skeletal muscle ex vivo and can even override the anabolic effect of insulin. Studies by BylundFellenius et al. (7) in perfused rat hindquarters demonstrated that protein synthesis rates were lower in contracting compared with resting skeletal muscle, particularly in fast-twitch muscles. In that study (7) , it was shown that the magnitude of the blunting of protein synthesis was related to the magnitude of changes in high-energy phosphogens, indicating that signaling downstream of metabolic stress is a likely mechanism behind the fall in protein synthesis in working muscle. Despite this, the signaling mechanisms responsible for the decrease in skeletal muscle protein synthesis during exercise are not well understood.
While the synthesis of individual proteins is likely to be under control of specific gene transcription, global protein synthesis is determined by the rate of messenger RNA translation. Translation is conventionally divided into three phases: initiation, elongation, and termination controlled by proteins called eukaryotic initiation, elongation, and release factors, respectively (28) . An initial step involves recruitment of the initiator methionyl-tRNA to the 40S ribosomal subunit that is catalyzed by GTP bound eukaryotic initiation factor 2␣ (eIF2) (28) . Since phosphorylation of eIF2␣ inhibits its activity and can occur as a response to cellular stress (28) , it could be that this may be a regulatory mechanism for the blunting of skeletal muscle protein synthesis with exercise. However, studies show no effect of acute resistance exercise (6) or ex vivo contraction (24) on eIF2␣ phosphorylation and eIF2B activity in skeletal muscle of rats. Another important step of initiation is 40S ribosomal subunit binding to the mRNA, which is catalyzed by a complex of eIF4A-eIF4E-eIF4G (28) . A major regulator of the activity of this complex is eIF4E binding proteins (4EBP), which bind eIF4E when dephosphorylated, thereby preventing this initiation complex formation (28) . There are studies that show that deletion of 4EBPs show only a mildly different growth phenotype compared with corresponding wild-type mice (4, 21, 40) . However, as these mice were not studied under stress conditions, such as exercise or starvation, no clear evidence was presented that 4EBPs are not involved in the blunting of protein synthesis during such conditions. Indeed, studies of Drosophila show that 4EBP is not essential for growth but is involved in the ability to coordinate metabolic homeostasis during environmental stress (37, 38) . In support of a role for of 4EBP in regulation of protein synthesis during stress conditions, Williamson et al. (43) demonstrated that there was polyribosome disaggregation in working murine skeletal muscle during treadmill running and provided evidence for a blunting of mRNA translation initiation. In particular, a dephosphorylation of eukaryotic initiation factor 4E-binding protein 1 (4EBP1) at Thr 37/46 , which would bind eIF4E and inhibit initiation by preventing its association with eIF4G (28) , was observed in skeletal muscle during exercise (43) . Indeed, cell culture studies consistently showed dephosphorylation of 4EBP1 and blunted protein synthesis by several different cellular stressors (27) . Other studies in rats showed that there is increased formation of 4EBP1-eIF4E complexes and decreased eIF4E-eIF4G complexes, which corresponded to blunted protein synthesis in skeletal muscle with running exercise (16) , indicating a functional significance of 4EBP1 dephosphorylation. Concerning upstream signaling, the dephosphorylation of 4EBP1 was accompanied by changes in mTORC1 complex formation and AMPK phosphorylation in skeletal muscle during exercise, suggesting that the depression of initiation is mediated, at least in part, by an AMPKmTORC1-4EBP1 signaling cascade (43) .
In mammalian cells, peptide chain elongation requires two eukaryotic elongation factors (eEF), namely eEF1 and eEF2 (28) . eEF2 mediates the translocation of the ribosome relative to the mRNA after addition of each amino acid to the nascent chain (28) . Recently, we (32) and others (24) showed that the phosphorylation of eEF2 at Thr 56 , which decreases its activity (8, 29, 34) , increased rapidly in working skeletal muscle during exercise, and it was hypothesized that it is a mechanism by which exercise may blunt skeletal muscle protein synthesis. Hence, since it was shown earlier that the blunting of protein synthesis rate and AMPK activation were related to the degree of metabolic stress of working skeletal muscle (7, 45) , we sought to investigate the effect of aerobic exercise intensity on the regulation of AMPK and two key phosphoproteins involved in blunting of mRNA translation, namely 4EBP1 and eEF2. We hypothesized that both increases in eEF2 and decreases in 4EBP1 phosphorylation in skeletal muscle during exercise would be greater at high vs. low aerobic exercise intensities. Furthermore, since increasing exercise intensity in vivo requires progressive recruitment of different motor units (17, 35) , and as it has been shown that these signaling events may be related to muscle fiber type and respective stimulation pattern (1), we sought to investigate the potential for muscle fiber-type differences in these signaling cascades.
METHODS

Human Subjects and Interventions
Two separate exercise studies were conducted to investigate the effects of exercise on skeletal muscle eEF2 and 4EBP1 phosphorylation. The subject characteristics, experimental protocols, and basic physiological responses for these studies have been reported in detail previously (3, 31) . The subjects were regularly active, but not specifically trained. The present data are published in this separate publication for reason of clarity of discussion, and because the methods to examine eEF2 phosphorylation using immunohistochemistry were not established in the present laboratory at the time of publication of the other studies.
In one study (31) , 10 healthy men [26 Ϯ 1 yr, 187 Ϯ 2 cm, 85 Ϯ 2 kg, V O2peak ϭ 53 Ϯ 1 ml⅐ (kg ⅐ min) Ϫ1 ] performed bicycling exercise for 30 min, with the exercise intensity being ϳ35%, 60%, and 85% V O2peak for three consecutive 10-min bouts with biopsies from the vastus lateralis muscle taken before exercise, after each 10-min bout, and 30 min postexercise. In addition, on another day, a control study was performed where the same subjects exercised for 30 min at 35% V O2peak with biopsies taken before, immediately after exercise, and 30 min postexercise.
In the other study (3), nine men [24 Ϯ 1 yr, 183 Ϯ 3 cm, 78 Ϯ 3 kg, V O2peak ϭ 54 Ϯ 2 ml⅐ (kg ⅐ min) Ϫ1 ] performed a 120-s bicycle test at a work rate corresponding to 110% of peak work rate, which was defined as the highest work intensity maintained for a whole minute during the incremental V O2peak test. Biopsies of the vastus lateralis muscle were taken before and immediately after the cessation of exercise. Importantly, this cycling exercise intensity is expected to recruit all types of motor units of the vastus lateralis (41) , and thereby all muscle fibers should be active. For both studies, subjects fasted overnight prior to experimentation, and resting biopsies were obtained after 1 h of inactivity in the supine position and rapidly frozen and stored. Muscle samples taken during exercise were frozen in liquid nitrogen between 15 and 30 s after cessation of activity, and the tissue was stored at Ϫ80°C until required. For the 120-s study, an aliquot of each muscle biopsy was embedded in Tissue-Tek (Sakura Finetek, NL) mounting medium, frozen in isopentane cooled to the temperature of liquid nitrogen and stored at Ϫ80°C for subsequent histochemical analysis. Subjects gave informed consent prior to participation and the studies were carried out in accordance with the Declaration of Helsinki II and studies were reviewed and approved by the Copenhagen Municipal Ethics Committee.
Tissue Preparation
All materials were from Sigma-Aldrich (St. Louis, MO) unless stated otherwise. For skeletal muscle sample protein extraction, samples (15-20 mg) were freeze dried and then homogenized while in an ice slurry (i.e., 0°C) in a buffer (15 l/mg tissue, original weight) containing 50 mM Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM Na fluoride, 5 mM Na pyrophosphate, 2 mM Na orthovanadate, 1 mM PMSF, 1 mM dithiothreitol, 1 mM benzamidine, 0.5% (vol/vol) protease inhibitor cocktail, and 1% (vol/vol) Nonidet P-40 using a polytron homogenizer (model PT 1200; Kinematica, Bohemia, NY) until no visible particles remained. The homogenates were mixed thoroughly by end-over-end rotation at 4°C for 30 min, and then spun at 6,000 g for 10 min at 4°C. The clarified supernatant was taken and stored at Ϫ80°C until required. A small aliquot of each lysate was taken prior to storage for total protein concentration analysis.
Protein concentration of tissue extracts was determined in triplicate using the bicinchoninic acid method using bovine serum albumin standards (Pierce Biotech) and bicinchoninic acid assay reagents (Pierce Biotech). A maximal coefficient of variance of 5% was accepted between replicates.
Analytical Techniques
Western blotting. Samples were immunoblotted for protein expression and phosphorylation according to Rose et al. (32) After 24 h, images were captured at ϫ40 magnification with a Axiophot 2 fluorescence microscope (Zeiss, Jena, Germany) coupled to a Photometrics CoolSNAP cf digital camera (Roper Scientific, Germany). A Texas red excitation filter (540 -580 nm) for pThr 56 eEF2 and an FITC excitation filter (465-495 nm) for MHC-I were utilized for recording the fluorescence signal. Images were analyzed with the public domain ImageJ 1.39u software (National Institutes for Health, Bethesda, MD). A total of 83 Ϯ 6 muscle fibers for each muscle biopsy (46 Ϯ 3, type I and 37 Ϯ 3, type II) were analyzed. pThr 56 eEF2 fluorescent signal for each subject was quantified as the intracellular mean staining intensity minus the background mean intensity obtained from the corresponding negative control slide. 4EBP1 phosphorylation was not examined with immunoflourescence of muscle sections as preliminary immunoblots showed that it gave additional immunoreactive bands outside of the expected relative mobility of 4EBP1 and thus lacked the necessary specificity required for this technique.
Calculations and Statistics
Statistical analyses were performed using SigmaStat version 3.5 with t-tests, one-way, or two-way ANOVA used where appropriate. With the exercise intensity experiment data two separate two-way ANOVA for repeated measures were done. One was done where the effect of exercise (i.e., time) and trial type were tested. The other was done to compare the effects postexercise vs. basal between the two trial types. This separation was done as we felt that the exercise and postexercise conditions should be handled differently as they are metabolically different conditions (i.e., catabolic vs. anabolic). Student-Newman-Keuls multiple comparison post hoc tests were used when the ANOVA revealed significant interactions between variables. Correlations and regression analyses were performed on delta data (i.e., intervention point minus basal within each trial). To examine differences in eEF2 phosphorylation with the 2-min study, a paired t-test was performed. To examine differences between muscle fiber types, a two-way ANOVA for repeated measures was performed with Student-Newman-Keuls multiple comparison. Post hoc tests were used when the ANOVA revealed significant interactions between variables. Graphs were constructed using SigmaPlot version 10.0. Differences were considered to be significant when P Ͻ 0.05.
RESULTS
Effects of Exercise Intensity on Skeletal Muscle Translation Factor Signaling
In response to exercise, there was an increase in eEF2 phosphorylation at Thr 56 regardless of time or exercise intensity (Fig. 1) . In contrast, there was a lower eEF2 phosphorylation 30 min postexercise (Fig. 1) . Importantly, there were no differences in eEF2 expression between trials or at any time point (P ϭ 0.81; data not shown). There was a lower 4EBP1 phosphorylation at Thr 37/46 at 65% and 85% V O 2peak compared with time 0 in the incremental exercise trial (Fig. 1) . Furthermore, there was a decrease in 4EBP1 phosphorylation at 30 min of constant load exercise at 35% V O 2peak compared with time 0. Given that there was no difference with 10 min of exercise at 35% V O 2peak this suggests that there is a time effect of exercise at this intensity. In addition, there was a greater magnitude of 4EBP1 dephosphorylation at 30 min in the incremental exercise trial vs. the constant load trial demonstrating that 4EBP1 dephosphorylation is greater at high vs. low exercise intensities.
The phosphorylation of AMPK ␣-subunit and the AMPK substrate (44) ACC␤ were measured as indices of AMPK activity. The phosphorylation of AMPK␣ was higher during exercise only at 85% V O 2peak during the incremental trial change with 35% V O 2peak in the constant load trial (Fig. 2) . Similar results were found for ACC␤ phosphorylation at Ser 221 except that there was also an increase at 65% V O 2peak during the incremental trial (Fig. 2) . In addition, there were increases in AMPK␣ and ACC␤ phosphorylation 30 min postexercise only in the incremental trial. Correlation and regression analyses between changes in eEF2/4EBP1 and AMPK/ACC phosphorylation were performed. There was a positive-linear correlation between changes in pT-AMPK␣ and pS-ACC␤ (R 2 ϭ 0.38; P Ͻ 0.001; data not shown). There was no significant correlation between changes in pT-eEF2 and changes in Fig. 1 . Effects of exercise time and intensity on skeletal muscle translation signaling. Skeletal muscle samples were taken before and after exercise, and extracted proteins from these samples were immunoblotted to detect eukaryotic elongation factor 2 (eEF2) and eukaryotic initiation factor 4E-binding protein 1 (4EBP1) phosphorylation. Representative immunoblots are shown. AU, arbitrary units. Data are means Ϯ SE, n ϭ 7-10. *P Ͻ 0.05 vs. time 0; #different from time 0, P Ͻ 0.05; †different from incremental, P Ͻ 0.05. The dashed line indicates a main effect for time.
pT-AMPK␣ (R 2 ϭ 0.002; DF ϭ 59; P ϭ 0.73) or pS-ACC␤ (R 2 ϭ 0.05; DF ϭ 59; P ϭ 0.09). There were significant, albeit weak, negative-linear correlations between changes in p-4EBP1 and changes in pT-AMPK␣ (R 2 ϭ 0.09; DF ϭ 51; P Ͻ 0.05) as well as pS-ACC␤ (R 2 ϭ 0.10; DF ϭ 51; P Ͻ 0.05). However, it should be noted that 4EBP1 phosphorylation was back to basal levels 30 min postexercise in both trials (Fig. 1) , despite significantly higher AMPK and ACC phosphorylation 30 min postexercise compared with basal in the incremental trial (Fig. 2) .
Effect of Exercise on eEF2 Phosphorylation in Skeletal Muscle Fibers
In response to an exhaustive 120-s exercise, phosphorylation at Thr 56 of human skeletal muscle eEF2 (expressed as eEF2 phosphorylation at Thr 56 divided by eEF2 protein expression) increased by 2.3-fold when compared with resting values (Fig. 3, top) . There was no difference in eEF2 expression between rest and exercise (data not shown). In contrast, phosphorylation of skeletal muscle 4E-BP1 at Thr 37/46 after the 120-s exercise was not different compared with rest samples (data not shown). Furthermore, we sought to investigate whether the increase in eEF2 phosphorylation was fiber-type specific. To do so, we were able to use the immunofluorescence technique, since preliminary Western blotting experiments demonstrated that the pThr 56 eEF2 antibody detected a single immunoreactive band of the predicted molecular weight (data not shown), demonstrating the high specificity of this antibody. In addition, we performed negative controls slides (primary antibodies omitted) for each biopsy when running the histochemical analyses, and the results showed absence of fluorescent signal (representative negative image in Fig. 3 ). As shown in Fig. 3 , the increase (ϳ55%) in eEF2 phosphorylation after the 120-s exercise was restricted to type I fibers. In type II fibers there was a small, albeit significant, decrease in eEF2 phosphorylation after exercise. Moreover, in the basal state there was a clear difference in eEF2 phosphorylation between type I and type II fibers, with values 55% lower in type I compared with type II fibers.
DISCUSSION
The main novel findings of this study were that the increase in skeletal muscle eEF2 phosphorylation with exercise was insensitive to exercise intensity, whereas 4EBP1 dephosphorylation was greater with high vs. low exercise intensities (Fig.  1) . In addition, immunohistochemistry showed that the increase in eEF2 phosphorylation was restricted to type I fibers (Fig. 3) . Of note, while it has been shown that resistance-type exercise in the postabsorptive state decreases skeletal muscle protein synthesis (13) , no study has systematically investigated the effect of exercise intensity on protein turnover during endurance-type exercise in humans. Hence, it is clear that further studies are warranted to investigate the possible functional role of differences in eEF2 and 4EBP1 phosphorylation during endurance-type exercise.
The increase in eEF2 phosphorylation was not surprising, as it has been reported that there are rapid and sustained increases in eEF2 phosphorylation in working skeletal muscle in humans during exercise (32) and rodent skeletal muscle ex vivo (1, 24) . Indeed, studies show that phosphorylation of eEF2 at this site reduces its activity and protein translation in cells (8, 29, 34) . Further work is required to demonstrate a functional role for eEF2 phosphorylation in working muscle. However, inexplicably, others have failed to observe changes in skeletal muscle eEF2 phosphorylation directly after endurance exercise (22) and resistance exercise (13) . As the increase in eEF2 phosphorylation is thought to be downstream of a Ca 2ϩ -calmodulin-eEF2 kinase signaling cascade (32) and there would be greater muscle fiber recruitment with higher exercise intensities (17, 35) , it was predicted that there would be a higher level of eEF2 phosphorylation with higher exercise intensities, similar to what has been shown for CaMKII (33) . In contrast, there was no further increase in eEF2 phosphorylation between exercise intensities requiring 35% to 85% V O 2peak (Fig. 1) . Of note, similar to other studies (24, 32) there was no correlation between changes in eEF2 phosphorylation and indices of AMPK activity during exercise.
One possible explanation of the lack of the effect of exercise intensity on eEF2 phosphorylation is that there may be muscle fiber-type specific differences in increases in eEF2 phosphorylation with exercise, as type I myofibers are recruited at low exercise intensities, whereas type I and type II myofibers are recruited at high exercise intensities (17, 35) . Indeed, Atherton et al. (1) demonstrated that when rat muscles (both soleus and extensor digitorum longus) were isolated and electrically stimulated to contract with a pattern simulating slow motor neuron activity continuously for 3 h there was an increase in eEF2 phosphorylation, whereas there was a decrease in eEF2 phosphorylation when muscles were stimulated with an intermittent fast motor neuron-like stimulation intermittently for 12 min. While the differences between these two may relate to the differences of pattern and duration of stimulation, they may also relate to the pulse frequency applied (i.e., slow: 10 Hz vs. fast: 100 Hz).Therefore we hypothesized that there may be differences in eEF2 phosphorylation in muscle fibers innervated by different motor nerves during exercise in vivo. To investigate this, we performed immunofluorescence analyses on human skeletal muscle biopsies taken at rest and immediately after a 120-s exhaustive exercise bout. This kind of exercise was chosen because it is known to result in recruitment of all muscle fiber types, both type I and type II (41) . Western blot analyses on the same samples revealed a marked (2.3-fold) increase in phosphorylated eEF2 after exercise. This approximately twofold increase as measure with Western blot was supported by the immunohistochemical measure where there was an ϳ30% net increase in eEF2 phosphorylation with exercise compared with rest. When looking at the individual Fig. 3 . Effect of exercise on muscle fiber-type changes in eEF2 phosphorylation at Thr 56 . Skeletal muscle samples were taken before and after exercise and were immunoblotted for eEF2 phosphorylation (top; n ϭ 9). *Different from rest, P Ͻ 0.001. In addition, double immunoflourescence histochemistry was performed on sections of a subset of the same skeletal muscle samples (n ϭ 5) with myosin heavy chain I (MHC1) and pThr56-eEF2 antibodies used. *Fiber-type difference at rest, P Ͻ 0.05; #different from rest, P Ͻ 0.05. muscle fiber types, the phosphorylation of eEF2 after exercise was found to increase in type I fibers only, whereas a small but significant decrease was observed in type II fibers, when compared with rest (Fig. 3) . A few considerations can be drawn from these results. First, the magnitude of increase in phosphorylation of eEF2 was markedly higher when detected by Western blotting compared with its detection by immunohistochemistry, which is not entirely surprising, given that these two methods have different sensitivities and that there are known limitations with the quantification of immunohistochemical analyses (42) . Secondly, the increase in eEF2 phosphorylation observed only in type I fibers is in line with what has been found by Atherthon et al. (1) , where the authors found an increase in eEF2 phosphorylation immediately after lowfrequency stimulation of rat skeletal muscle, but not after high-frequency stimulation.
Interestingly, we observed a 55% higher phosphorylation of eEF2 in type II fibers compared with type I in the resting state, which suggests that there may be fiber-type differences in the elongation rates of preexisting mRNA in human skeletal muscle at rest. Since eEF2 phosphorylation is thought to be the key mechanism responsible for inhibition of the elongation step (28) , it can be hypothesized that elongation rates, and possibly protein synthesis rates, are higher in type I fibers vs. type II fibers in human skeletal muscle at rest. In support of this, several studies have shown that, in animals, muscle composed of mainly type I fibers present much higher basal protein turnover than muscles expressing mainly type II fibers (15, 20) . However, this conclusion should be taken with caution, since it has been shown in humans that protein synthesis rates at rest in triceps brachii vs. soleus and vastus lateralis, three muscles known to markedly differ in fiber-type composition, were only slightly (i.e., within 15%) different (25) .
There was a lower eEF2 phosphorylation 30 min postexercise ( Fig. 1) , which is similar to prior observations (14, 22) . This may be a potential mechanism behind higher skeletal muscle protein synthesis rates after endurance exercise, as has been observed previously (9, 23, 36) .
In contrast to eEF2 phosphorylation, the phosphorylation of 4EBP1 at Thr 37/46 decreased during exercise and the magnitude of this decrease was greater with high vs. low exercise intensities (Fig. 1) . It would be expected that this dephosphorylation would result in a greater binding to eukaryotic initiation factor 4E (eIF4E), subsequently lowering the formation of the eIF4E-eIF4G complex and mRNA translation initiation (28) . In particular, phosphorylation of 4EBP1 at Thr 37/46 is mediated by mTORC1 and is a priming step for subsequent phosphorylations at other distal sites (28) , and it has been shown that there are lower amounts of eIF4E-eIF4G complexes and higher amounts of 4EBP1-eEF4E complexes, which corresponded to blunted protein synthesis in skeletal muscle with running exercise (16) , indicating a functional significance of 4EBP1 dephosphorylation. Thus, it may be that there is a greater suppression of skeletal muscle protein synthesis during high vs. low-intensity exercise and that this may be mediated by a greater blunting of translation initiation. This decrease in 4EBP1 phosphorylation in working skeletal muscle was expected, as other studies have shown similar findings in skeletal muscle of humans in response to resistance exercise (13) and mice in response to running exercise (43) . As others have provided evidence that the decrease in 4EBP1 phosphorylation is downstream of an AMPK-mTORC1 signaling cascade (5, 12, 39, 43) , indices of AMPK activity were also measured. As shown in Fig. 2 , AMPK signaling was clearly sensitive to exercise intensity as has been shown before (10, 45) . In addition, there were significant, albeit weak, negative linear correlations between changes in indices of AMPK activity and 4EBP1 phosphorylation. However, it should be noted that there was a clear dissociation between postexercise changes in AMPK activity and 4EBP1 phosphorylation, with 4EBP1 phosphorylation back to basal levels 30 min postexercise in both trials (Fig. 1) , despite significantly higher AMPK and ACC phosphorylation 30 min postexercise compared with basal in the incremental trial (Fig. 2) . However, this could be simply due to differential upstream regulation of phosphorylation of 4EBP1 during vs. after exercise. Indeed, Dreyer et al. (13) have observed higher 4EBP1 phosphorylation despite continued activation of AMPK in skeletal muscle after resistance exercise. Further work is required to determine whether AMPK signaling is required for depressed skeletal muscle protein synthesis as well as mTORC1 activity and 4EBP1 phosphorylation during exercise.
Similar to the other signaling events, the higher changes in AMPK activity and 4EBP1 dephosphorylation with increasing exercise intensity may be explained by muscle fiber recruitment, with AMPK activation and 4EBP1 dephosphorylation mainly occurring in type II fibers. This is plausible, as there was no change in indices of AMPK activity after 30 min at 35% V O 2peak despite a probable activation of type I myofibers (17, 35) . Clearly further work is required to examine the potential for muscle fiber or stimulation type differences in AMPK activation by exercise.
A study by Atherton et al. (1) demonstrated that when rat muscles (both soleus and extensor digitorum longus) were isolated and electrically stimulated to contract with a pattern simulating slow motor neuron activity continuously for 3 h vs. when stimulated with an intermittent fast motor neuron like stimulation intermittently for 12 min, there was a disparate signaling pattern with AMPK signaling activated during the endurance-like pattern and PKB-mTOR-4EBP1 pathway activated during the resistance-type pattern. However, studies of humans have failed to verify these findings. Indeed, both resistance-type and endurance-type exercise increase AMPK activity (Fig. 2) (13, 19, 32, 45) and decrease 4EBP1 phosphorylation ( Fig. 1) (11, 13, 19) , and resistance-exercise may actually decrease PKB activity (11) in skeletal muscle of humans. Furthermore, skeletal muscle protein synthesis is blunted during both resistance-(13) and endurance-type (30) exercise. Thus, there are probably similar mechanisms behind the fall in protein synthesis in skeletal muscle during resistance-and endurance-type exercise, the nature of which requires further investigation.
Perspectives and Significance
In summary, these data show that during endurance-type exercise, 4EBP1 dephosphorylation occurs to a greater extent at high vs. low exercise intensities, whereas eEF2 phosphorylation increases similarly at all exercise intensities, which may be explained by a selective increase in type I myofibers. Others have surmised that the suppression of skeletal muscle protein synthesis during exercise may be part of the stimulus by which protein synthesis is enhanced after exercise (7, 26) . Given that the intensity of exercise training is important for subsequent adaptive responses of skeletal muscle (18) , the putative higher blunting of protein synthesis by greater 4EBP1 dephosphorylation during high-intensity exercise may be part of the molecular mechanism by which high-intensity exercise training promotes greater adaptations than low-intensity training.
